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(54) Thermal barrier coating 

(57) An article having a spallation resistant TBC 
comprises a metal substrate, such as a high temperature 
superalloy, and a TBC, such as a coating of yttria stabi- 
lized zirconia. The TBC comprises a plurality of plas- 
ma-sprayed layers. The TBC has a coherent, continuous 
columnar grain mic restructure., wherein at least one layer 
has a plurality of continuous columnar grains which have 
been extended by directional solidification into an adja- 
cent layer. In a preferred embodiment, the coherent, con- 
tinuous columnar microstructure comprises substantially 
all of the volume of TBC. A coherent, continuous colum- 
nar grain microstructure is also taught wherein at least 
some of the plurality of coherent, continuous columnar 
grains which comprise a TBC extend through essentially 
the entire thickness of the coating. A columnar crack pat- 
tern of cracks extending generally normal to the surface 
of the metal substrate is also developed within TBCs of 
the present invention in conjunction with the coherent, 
continuous columnar grain microstructures described. 
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Description 

Background of the Invention 

The present invention relates to air plasma spray 
(APS) thermal barrier coatings (TBCs) such as are com- 
monly applied to articles for use in high temperature en- 
vironments. More specifically, the present invention 
comprises APS TBCs having a coherent, continuous co- 
lumnar grain microstructure and a preferred vertical 
crack pattern which enhance the physical and mechan- 
ical properties of these coatings in ways which are in- 
tended to improve their resistance to spalling in cyclic 
high temperature environments. 

APS TBCs are well known, having been used for 
several decades. They are typically formed from ceramic 
materials capable of withstanding high temperatures and 
are applied to metal articles to inhibit the flow of heat into 
these articles. It has long been recognized that if the sur- 
face of a metal article which is exposed to a high tem- 
perature environment is coated with an appropriate re- 
fractory ceramic material, then the rate at which heat 
passes into and through the metal article is reduced, 
thereby extending its applicable service temperature 
range, service longevity, or both. 

Prior art APS TBCs are typically formed from pow- 
dered metal oxides such as well known compositions of 
yttria stabilized zirconia (YSZ). These TBCs are formed 
by heating a gas-propelled spray of the powdered oxide 
material using a plasma-spray torch, such as a DC plas- 
ma-spray torch , to a temperature at which the oxide pow- 
der particles become momentarily molten. The spray of 
the molten oxide particles is then directed onto a receiv- 
ing metal surface or substrate, such as the surface of an 
article formed from a high temperature Ti-based, 
Ni-based, or Co-based superalloy, thereby forming a sin- 
gle layer of the TBC. In order to make TBCs having the 
necessary thicknesses, the process is repeated so as to 
deposit a plurality of individual layers on the surface of 
interest. Typical overall thicknesses of finished TBCs are 
in the range of approximately 0.010-0.055 inches. 

The microstructure of a typical prior art TBC formed 
by APS deposition is described now by reference to Fig- 
ures 1 a and 1 b. Figu res 1 a and 1 b are scanning electron 
microscope (SEM) photomicrographs of fracture surfac- 
es through the thickness of a prior art TBC taken at mag- 
nifications of SOX and 3000X, respectively. The TBC has 
been removed by acid dissolution of the metal article on 
which it was deposited, and fractured to expose the char- 
acteristics of the resulting microstructure. 

In order to make the TBC of Figures la and 1b, the 
TBC was deposited using an apparatus comprising an 
air plasma spray torch positioned adjacent to a rotatable 
cylindrical metal drum for holding the articles to be coat- 
ed. The plasma spray torch was positioned at a distance 
from the drum and perpendicular to its axis such that it 
could be moved along a line parallel to the axis. A TBC 
was deposited by rotating the drum containing a metal 



article, comprising an approximately 0.125 inch thick 
coupon of a Ni-based alloy, while the plasma spray torch 
was moved in a path parallel to the drum axis, so as to 
make one pass across the exposed top surface of the 

5 metat coupon. Each rotation of the drum carried the plas- 
ma-spray torch onto, across and off the top surface of 
the coupon and resulted in the deposition of what is 
termed herein as a "single sub-layer" or simply a 
"sub-layer" of the TBC. The "spray pattern" or "footprint" 

io of the torch deposit as termed herein, is a cross-section 
of the spray pattern of molten particles having a finite 
size : e.g. one-half inch in diameter. The footprint may be 
circular or other shapes depending on the shape of the 
plasma-spray stream, the angle of the surface of the ar- 

is tide being deposited to the stream, and other factors. 
The size of the footprint is largely a function of the dis- 
tance of the article from the plasma-spray gun and the 
shape of the plasma-spray stream. Depending on the 
combination of drum rotation rate and torch traverse rate, 

20 multiple sub-layers may be deposited at a given spot as 
the torch footprint passes over in a single pass. There- 
fore, a "primary layer", as termed herein, comprises the 
thickness of TBC of coating deposited in a single pass 
of the torch and may, and most often does, consist of a 

25 plurality of sub-layers. A "torch holiday", as termed here- 
in, occurs when the plasma-spray torch from which a 
TBC is being deposited moves away from the area on 
the article on which the TBC is being deposited so that 
cooling of the surface occurs, or when the article is 

30 moved out from under the plasma-spray torch, or when 
the motion of both the article and the torch causes the 
area being deposited to be moved away from the stream 
of plasma-sprayed particles. 

Referring to Figures 1 a and 1 b, the TBC was depos- 
es ited in multiple passes, wherein the plasma spray torch 
was translated back and forth across the top surface of 
the coupon. During the passes, the drum upon which the 
coupon was secured was also rotated at a speed such 
that each area of the coupon being deposited with the 

40 TBC passed under the plasma-spray torch footprint a 
plurality of times during each pass, for example 4 to 5 
times. This method of deposition produced layers in two 
respects, a primary layer resulted from each repeated 
translation of the torch across the surface of the sub- 

45 strate, secondary orsub-layers resultedf rom multiple ro- 
tations of the drum. In Figures la and lb, the TBC in- 
cludes about 150 primary layers resulting from the com- 
bination of the rotation of the drum and the translation of 
the torch. 

so The TBC shown in Figures la and 1b was made 
from -120 mesh YSZ powder having a composition of 
8% yttria by weight with a balance of zirconia, and was 
deposited using a perimeter feed DC plasma spray torch, 
Model 7MB made by Metco Inc. The torch current was 

55 approximately 500A, and the distance of the plasma 
spray flame to the surface of the article was approximate- 
ly 3-5 inches. The deposition temperature measured at 
the back surface of the coupon was less than 260°C. 
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The resulting TBC was approximately 0.050 in. thick. Ap- 
plicants believe that the TBC shown in Figures 1a and 
1b is representative of prior art TBCs generally. 

Figure 1a reveals a rough and irregular fracture sur- 
face, the reasons for which are more readily apparent 
from examination of Figure 1b. The fracture surface of 
Figure 1b is made up of what appears to be a stack of 
many discrete particles which do not share a common 
fracture plane, but which are rather fractured jaggedly 
along a path of what appears to have been weaker points 
within and between the individual particles. This jagged 
fracture path explains the rough appearance at the lower 
magnification of Figure fa. The explanation for the ap- 
pearance of this fracture surface is given below. 

As noted above, the TBC comprises a plurality of 
layers as a result of the combination of rotation of the 
drum and translation of the torch and area of the torch 
footprint. These layers are formed from the stream of in- 
dividual molten particles of YSZ, which impact either the 
surface of the coupon, or particles from a previously de- 
posited TBC layer. Upon impact, molten particles are 
joined to the metal article in part by a physical mechan- 
ical interlocking of the molten particles within the features 
provided by the surface roughness of the article, or to 
previously deposited particles by a process known as mi- 
cro-welding, which is described further below. Applicants 
have observed in Figure 1b, and in the examination of 
similar prior art TBCs, that the majority of these particles 
appear to be weakly bonded to particles in prior and sub- 
sequent sub-layers, and that micro-welding between 
sub-layers appears to be very limited; as evidenced by 
the distinct surfaces which still appear as demarcations 
between these sub-layers, such as are shown in Figure 
1b. 

Referring to Figure 1 b, the particles appear as irreg- 
ularly shaped platelets, and exhibit internally a 
fine-grained, columnar structure which is formed in a di- 
rection generally perpendicular to the contact surface of 
the underlying platelet or platelets (arrow 1 0 points in the 
direction of the outer surface of the TBC). Limited mi- 
cro-welding between particles is indicated by the lack of 
a continuous, columnar grain structure between adja- 
cent sub-layers. The lack of micro-welding results in an 
irregular, randomly oriented mic restructure within the 
YSZ having the general appearance of compressed pop- 
corn or polystyrene beads. Applicants believe that such 
a microstructure results because the combination of the 
heat contained within the molten powder particles and 
the heat contained on the deposition surface during the 
deposition is not sufficient to cause localized re-melting 
under the area where one particle impacts a previously 
deposited particle, resulting in limited or non-existent mi- 
cro-welding between the deposited particles, and hence 
between sub-layers. 

Limited micro-welding, as seen in Figures 1a and 1b, 
also results in a microstructure that exhibits a significant 
amount of both horizontal and vertical cracks, i.e. cracks 
oriented parallel to and normal to the substrate interface, 



respectively, surrounding such particles. For example, 
referring again to Figure 1b, it will be further observed 
that some of the impacted particles have what appear to 
be gaps or separations between them. 
5 Applicants have observed that even when the mi- 

cro-welding between individual particles has been im- 
proved such that columnar grain growth occurs continu- 
ously between individual particles, such continuous co- 
lumnar growth does not extend coherently (as described 

io further below) across the boundaries between the layers 
that comprise prior art TBCs. Thus, while some columnar 
ordering of adjacent particle sub-layers comprising the 
microstructure of prior art TBCs may occur, this ordering 
is limited, and the lack of coherency between layers often 

is results in horizontal cracking in the regions between lay- 
ers for the same reasons as discussed above. In fact, a 
low deposition surface temperature (due to the torch hol- 
iday which defines a layer) during the deposition of either 
sub-layers or layers decreases the likelihood that mi- 

20 cro-welding will occur and increases the potential for cre- 
ation of both horizontal and vertical cracks during the 
deposition. Therefore, cracking which occurs between 
layers may be even more severe, and result in horizontal 
macrocracks (cracks which extend over distances that 

25 are substantially larger than the diameter of an individual 
particle). 

One well recognized problem in the use of prior art 
TBC coatings, particularly on articles routinely cycled 
from ambient conditions up to extremely high tempera- 
te tures such as those used in gas turbines, is that the ex- 
posure of TBCs to the very intense heat and rapid tem- 
perature changes associated with high velocity combus- 
tion gases can cause their failure by spallation, or 
spalling of the TBC from the surfaces of the metal articles 
35 which they are designed to protect, possibly due to ther- 
mal fatigue. Susceptibility to spallation in cyclic thermal 
environments is primarily due to the existence of hori- 
zontal cracking or in-plane (of the TBC) cracking. Hori- 
zontal cracks are known particularly to increase the sus- 
40 ceptibility of a TBC to spallation because in-plane stress- 
es, such as in-plane stresses created during the TBC 
deposition process or in service, can cause such hori- 
zontal cracks to propagate and grow. 

It is known that the spallation resistance of TBCs in 
45 such environments can be improved by modifying cer- 
tain characteristics of the coatings. For example, in the 
article entitled: "Experimental and Theoretical Aspects 
of Thick Thermal Barrier Coatings for Turbine Applica- 
tions"; V. Wilms, G. Johner, K.K. Schweitzer and P. Ad- 
50 ams; THERMAL SPRAY: Advances in Coatings Technol- 
ogy; Proceedings of the National Thermal Spray Confer- 
ence; Orlando, FL; September 1987; pp. 155-166 it is 
disclosed that the performance of yttria stabilized zirco- 
nia (YSZ) TBCs is enhanced in cyclic thermal environ- 
55 ments by developing a predominance of cracks normal 
to the TBC/metal article interface (i.e. vertical cracks) 
and a minimum of cracks parallel to such interface (i.e. 
horizontal cracks). Also, U.S. Patent 5,073,433 issued 
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to Taylor teaches that the existence of homogeneously 
dispersed vertical macrocracking with a controlled 
amount of horizontal cracking within a TBC reduces the 
tendency for spalling within the coating, and thus in- 
creases the thermal fatigue resistance. However, this 
patent does not teach any associated microstructural im- 
provements in such TBCs, such as improved mi- 
cro-welding of adjacent particle sub-layers as described 
hereinbetow. In fact, U.S. Patent 5,073,433 teaches the 
necessity of controlling such horizontal cracking. 

Applicants have observed that it is possible to de- 
velop a preferred vertical macrocrack pattern, as de- 
scribed in U.S. Patent 5,073,433, without otherwise sub- 
stantially altering the prior art mic restructure as de- 
scribed above. A TBC containing vertical macrocracks, 
horizontal cracks and horizontal microcracks is shown in 
Figures 2a and 2b . Figure 2a is an optical photomicro- 
graph at SOX magnification of a polished cross-section 
of a prior art TBC (arrow 20 points in the direction of the 
outer surface of the TBC) which reveals the presence of 
preferred vertical macrocracks as described in U.S. Pat- 
ent 5,073,433. However, Figure 2b which is an electron 
photomicrograph of a fracture surface of the same coat- 
ing taken at 2000X, reveals a prior art microstructure 
similar to that described for Figures 1 a and 1 b, although 
the individual particles are not as evident in Figure 2b. 
However, no long range ordering of the columnar grains 
is apparent, particularly ordering that would extend be- 
yond the thickness of a single layer which is 
about .0004-0.0005 inches The approximate thickness 
of a single deposition layer for this TBC is illustrated by 
vertical bar 30 for comparison. Figures 2a and 2b also 
reveal the presence of a substantial amount of horizontal 
macrocracks and microcracks. The TBC shown in Fig- 
ures 2a and 2b was also deposited using the apparatus 
and method described above for the TBC shown in Fig- 
ures 1a and 1b, under similar conditions. Therefore, it 
may be seen that it is possible to develop preferred ver- 
tical or segmentation cracking in a TBC having substan- 
tial undesirable horizontal cracking, due to the existence 
of a prior art microstructure which does not exhibit suffi- 
cient micro-welding, either within or between layers 
and/or sub-layers, to establish a coherent, continuous 
columnar grain structure. 

Therefore, Applicants have observed that the ten- 
dency for spallation in cyclic, high temperature environ- 
ments which is known to exist in prior art TBCs is related 
directly to weak or non-existent micro-welding between 
adjacent particle sub-layers due to a lack of continuous 
columnar grain growth, particularly between TBC layers, 
as explained above. Therefore, it is desirable to improve 
the microstructure of TBCs by improving micro-welding 
and reducing the amount of horizontal cracking. Appli- 
cants herein identify such improved TBCs and their 
microstructural characteristics. 



Summary of the Invention 

Applicants have discovered that the amount of hor- 
izontal cracking within ceramic TBCs, particularly YSZ 
s TBCs deposited by APS techniques, is very dependent 
on the microstructure of the coating. 

Applicants have discovered a significant feature of 
TBCs in that a coherent, continuous columnar micro- 
structure can be developed both within and between the 
io plurality of individual layers which comprise a TBC so as 
to significantly reduce the amount of deleterious horizon- 
tal or in-plane cracking, as evidenced by the improve- 
ment of certain mechanical properties of these TBCs 
such as an increase in the tensile strength of the coating 
is normal to the substrate and a reduction in the effective 
in-plane elastic modulus. 

In a preferred embodiment, a TBC of the present in- 
vention comprises a coherent: continuous columnar 
grain structure of the type described above, wherein at 
20 least some columnar grains extend from at or near the 
interface of a metal article or bond coat on which the TBC 
is deposited outwardly through the plurality of individual 
layers to the outer surface of the TBC 

In general, as the degree of columnarity increases, 
2S wherein the degree of columnarity is directly related to 
the quantity and distribution of columnar grains extend- 
ing both within and between individual coating layers, the 
amount and/or degree of horizontal cracking within a 
TBC is reduced and the improvements in certain of the 
30 mechanical properties of the coatings noted above are 
observed. Another feature of the present invention re- 
lates to the fact that Applicants have also determined that 
the temperature of the deposition surface during the dep- 
osition process directly affects the degree of columnarity 
35 of the grains (i.e. above a threshold temperature, in- 
creasing the temperature increases the degree of colum- 
narity). Therefore, the degree of columnarity of the co- 
herent, continuous columnar microstructure may be con- 
trolled. 

40 TBCs of the present invention have a significant ad- 
vantage in the form of improved spallation resistance 
over prior art TBCs. TBCs of the present invention also 
contain vertical macrocracks which are also known to im- 
prove the spallation resistance of such coatings. 

45 According to one aspect of the present invention, 
there is provided an article having a TBC, comprising: a 
substrate having at least one surface which is adapted 
to bond a TBC ; and a ceramic TBC bonded to the surface 
of said substrate and comprising a plurality of ceramic 

so layers, each of the ceramic layers of said ceramic TBC 
having a thickness and a microstructure comprising a 
plurality of continuous columnar grains which extend 
completely through its thickness, said TBC also having 
at least one, but preferably a plurality of ceramic layers 

55 in which the plurality of continuous columnar grains from 
one layer extend into and are coherent within an adjacent 
layer. 

In an embodiment of the present invention there are 
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vertical macrocracks within the TBC. 

Another aspect of the invention provides an article 
having a TBC. comprising: a substrate having at least 
one surface which is adapted to bond a TBC; and a ce- 
ramic TBC bonded to the surface of said substrate and s 
comprising a single ceramic layer having a thickness and 
a microstructure comprising a plurality of continuous co- 
lumnar grains which extend through substantially all of 
its thickness. In an embodiment, the TBC has a thickness 
of at least 0.004 inches. iq 

These and other objects, features and advantages 
of the present invention may be understood by reference 
to the drawings and detailed description of the invention 
provided below. 

75 

Brief Description of the Drawings 

Figure la is a SEM photomicrograph of a fracture 
surface at SOX magnification showing a sectional view 
through the thickness of a prior art multilayer the rmal bar- 20 
rier coating. 

Figure 1b is a 3000X SEM photomicrograph of the 
fracture surface of Figure la in which the random orien- 
tation of the grains within the TBC is further illustrated. 

Figure 2a is an optical photomicrograph taken at 2s 
150X magnification of a polished cross-section through 
the thickness of a multilayer prior art TBC, illustrating ver- 
tical cracks. 

Figure 2b is a SEM photomicrograph taken at 2000X 
magnification of a fracture surface through the thickness 30 
of the TBC of Figure 2a 

Figure 3a is a schematic cross-section of a TBC of 
the present invention. 

Figure 3b is a schematic cross-section of a TBC of 
the present invention. 35 

Figure 4a is a SEM photomicrograph taken at 2000X 
magnification of a TBC of the present invention deposit- 
ed at a deposition surface temperature of 300°C. 

Figure 4b is a SEM photomicrograph taken at 2000X 
magnification of a TBC of the present invention deposit- 40 
ed at a deposition surface temperature of 600° C. 

Figure 4c is a SEM photomicrograph taken at 2000X 
magnification of a TBC of the present invention deposit- 
ed at a deposition surface temperature of 950°C. 

Figure 5a is a SEM photomicrograph taken at 1 20X 4S 
magnification of a TBC of the present invention having 
coherent, continuous columnar grains extending through 
substantially all of the thickness of the TBC. 

Figure 5b is a SEM micrograph at 507X magnifica- 
tion of the TBC of Figure 4a, further illustrating the co- so 
herency of the continuous columnar microstructure and 
a vertical crack. 

Figure 6 is a graph showing the deposition temper- 
ature as a function of location within a TBC. 

55 

Detailed Description of the Invention 

Applicants have discovered that it is possible to 



avoid the formation of TBCs having the prior art micro- 
structures illustrated by Figures la and 1b and Figures 
2a-2b which generally exhibit a lack of micro-welding and 
significant horizontal cracking: and form instead a well 
micro-welded coherent, columnar microstructure both 
within and between layers, reduced horizontal cracking, 
and preferred vertical macro-cracking. 

Figures 3a and 3b are schematic cross-sections of 
TBCs which are intended to illustrate a coherent, contin- 
uous columnar grain microstructure and examples of the 
differing degrees in which such a microstructure may ex- 
ist. Referring to the schematic Figu res 3a and 3b, articles 
having a TBC 50 of the present invention are formed by 
depositing a TBC 50 on a substrate 52. In a preferred 
embodiment, the substrate 52 is a metal alloy such as a 
Ni-based, Ti-based or Co-based alloy However, Appli- 
cants believe that many other materials are possible for 
use as substrate 52, such as other metal alloys, metal 
matrix composites and other materials, so long as the 
substrate is capable of conducting heat so as to provide 
conditions favorable to the formation of a coherent, con- 
tinuous columnar grain microstructure as further de- 
scribed herein. Substrate 52 may be adapted so as to 
receive TBC 50 on one surface 54, or on a plurality of 
surfaces (not shown). Surface 54 may also incorporate 
a bond coat 56 to promote bonding of TBC 50 to sub- 
strate 52 surface 54. Bond coat 56 may comprise any 
material which promotes bonding of TBC 50 to substrate 
52, and may include, for example, known plasma-spray 
coatings of metal alloys whose acronym, MCrAIY. des- 
ignates the elements comprising the alloy where M is Ni, 
Co, or combinations of Ni and Co. 

TBC 50 may comprise plasma-sprayed ceramic ma- 
terials. In a preferred embodiment, the ceramic material 
is a metal oxide, such as yttria stabilized zirconia having 
a composition of 6-8 weight percent yttria with a balance 
of zirconia that is built up by plasma-spraying a plurality 
of layers 58. However, other TBC materials are possible 
including metallic carbides, nitrides and other ceramic 
materials. A layer 58, also termed having an "individual 
layer" or "ceramic layer", is defined as the thickness of 
ceramic material deposited in a given plane or unit of 
area during one pass of a plasma-spray torch, and in- 
cludes both primary layers and sub-layers as described 
herein. In order to cover the entire surface of a substrate 
and obtain the necessary thickness of a TBC, it is gen- 
erally desirable that the plasma-spray torch and the sub- 
strate be moved in relation to one another when depos- 
iting the TBC. This can take the form of moving the torch, 
substrate, or both, and is analogous to processes used 
for spray painting. This motion, combined with the fact 
that a given plasma-spray torch sprays a pattern which 
covers a finite area (e.g. has a torch footprint), results in 
the TBC being deposited in layers 58. 

Well known methods and apparatuses may be used 
to make a TBC 50 of the present invention. Several spe- 
cific methods and apparatuses are described in the 
background above and examples given below. 
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Applicants have observed that in prior art TBCs, the 
interface region between layers is frequently the location 
of horizontal macrocracks. Applicants have further ob- 
served that such macrocracks are caused, at least in 
part, by poor or non-existent micro-welding between lay- 
ers. Micro-welding in this context is defined as remelting 
of a microlayer of the previously deposited surface 
which, in combination with directional solidification as 
discussed further below, results in a continuous crystal- 
lographic ordering between adjacent ceramic particles 
which is evidenced by a continuity of the grain or crystal 
structure between such particles. Good micro-welding is 
evidenced in TBCs by continuous columnar grain growth 
between adjacent ceramic particles. Applicants have 
also observed that in prior art TBCs, weak or non-exist- 
ent micro-welding may exist not only at the interfaces be- 
tween primary layers, but also between sub-layers within 
primary layers as discussed above and shown in Figure 
1b. 

Referring again to Figures 3a and 3b, TBC 50 of the 
present invention is characterized by having a coherent, 
continuous columnar grain microstructure. The micro- 
structure is continuous in that each layer 58 comprises 
a plurality of columnar grains 60 which are generally ori- 
ented vertically (i.e. wherein they grow upwardly away 
from and perpendicular to the substrate) and extend 
through all, or substantially all, of the thickness of the 
layer. It is coherent because this columnar growth ex- 
tends between layers, in that at least some of the plurality 
of columna r grains existing within a subsequently depos- 
ited layer are micro-welded to and extend from columnar 
grains contained within the layer upon which it is depos- 
ited. This occurs by directional solidification as dis- 
cussed lurther below. In addition, in TBCs of the present 
invention, the degree to which the grains are both coher- 
ent and continuously columnar may vary. In some cases, 
the coherency may extend only or mainly between im- 
mediately adjacent layers as in Figure 3a, while in others, 
it may extend between several layers or through the en- 
tire thickness of the TBC as in Figure 3b. Also, as illus- 
trated by the comparison of Figures 3a and 3b, in some 
cases the coherent, continuous columnar grains may 
represent only a small part of the volume fraction of a 
TBC, while in others it may represent all, or nearly all, of 
the volume fraction of the TBC. This is referred to herein 
as differences in the degree of columnarity. 

Referring now to Figures 4a-4c, the actual coherent, 
columnar microstructure of TBCs of the present inven- 
tion are shown. The TBCs of these figures are all made 
from YSZ having a composition 8 weight percent yttria 
with a balance of zirconia. In these figures, the vertical 
bars 70 represent the scaled-up thickness of a single lay- 
er for each of these TBCs which was 0.00008 inches. 
The coherent, continuous columnar microstructure de- 
scribed above may be seen in that in each figure, con- 
tinuous or nearly continuous columnar grains which ex- 
tend well beyond the thickness of a single layer may be 
seen. This indicates that micro-welding has occurred be- 



tween particles from adjacent layers through localized 
re-melting and directional solidification so as to cause 
the development of the coherent, continuously columnar 
grain microstructure that is characteristic of the present 
5 invention. 

Figures 4a-4c also demonstrate that the degree of 
columnarity within TBCs having a microstructure of the 
present invention is directly related to the temperature of 
the deposition surface during deposition of the TBC. 
io Generally, the TBC of Figure 4a exhibits a lesser degree 
of columnarity than those of Figures 4b or 4c, in that it 
reveals discontinuities in the columnar structure, partic- 
ularly on the left side of Figure 4a. The microstructure of 
Figure 4a is a mixture of coherent, continuous columnar 
is grains and grains more closely reflecting prior art micro- 
structures. Applicants have observed that this lesser de- 
gree of columnarity correlates to the relatively low dep- 
osition surface temperature, as discussed further below. 
The TBCs represented by Figures 4b and 4c, respective- 
20 |y, reveal increasing degrees of columnarity that corre- 
spond to increased deposition surface temperatures of 
600°C and 950°C, respectively. This may be seen in Fig- 
ures 4b and 4c by the fact that coherent, continuously 
columnar grains occupy a greater portion of the field of 
25 view as compare to Figure 4a. The method and appara- 
tus used for deposition of the TBCs of Figures 4a-4c is 
described in Example 1 below. 

The dependence of the degree of columnarity on the 
deposition surface temperature is further exemplified in 
30 Figures 5a and 5b, wherein the amount of the coherent, 
continuous columnar microstructure is even more pro- 
nounced. Grains may be seen in these Figures that ex- 
tend from very near the substrate surface through sub- 
stantially all of the thickness of the TBC. Arrow 80 on 
35 Figures 5a and 5b points in the direction of the surface 
of the TBC. The approximate thickness of an individual 
layer in this TBC is about 0.0003 inches and is shown by 
vertical bar 85 in Figure 5b. In this TBC, the exact dep- 
osition surface temperature during deposition of the TBC 
40 is unknown, however, Applicants believe that it was suf- 
ficiently high enough to allow the heat content of the ar- 
riving molten droplets to remelt the-f ull thickness of the 
previous layer. The surface had a wetted, glazed appear- 
ance after deposition that was different from the appear- 
45 ance of the surfaces of other TBCs deposited by Appli- 
cants, including the TBCs of Figures 4a-4c. The glazed 
look comes from the increased transparency of the coat- 
ing. The conclusion of a greater depth of remelt is also 
based in part on the high degree of columnarity of the 
50 resultant TBCs. The method and apparatus used for this 
deposition is described in Example 2. 

Applicants have determined that TBCs made from 
yttria stabilized zirconia, having a composition of about 
8 weight percent yttria, begin to evidence a coherent, 
ss continuous columnar microstructure at a surface depo- 
sition temperature of about 300°C as shown in the micro- 
structure of Figure 4a, which is about 0.2T m where T m 
is the absolute melting temperature of zirconia. As 
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shown in Figure 4c, a more preferred coherent, continu- 
ous columnar structure exists when the surface deposi- 
tion temperature is higher, in this case about 0.4 T m . With 
otherceramic materials, the minimum deposition surface 
temperature at which a coherent, continuous columnar s 
structure may be created would be expected to vary de- 
pending on the ceramic material selected; based on fac- 
tors which would be expected to affect micro-welding in- 
cluding the crystal structure, melting temperature and 
heat capacity of the ceramic material, and perhaps oth- io 
ers. However, based on the results with YSZ, Applicants 
would expect some degree of a coherent, columnar 
microstructure to be developed in substantially all plas- 
ma-sprayed ceramic TBCs wherein the deposition sur- 
face temperature is in the range of about 0.2-0.5 of the is 
absolute melting temperature of the ceramic material 
used to form the TBC. The degree of columnarity for oth- 
er ceramic TBCs is also expected to increase with in- 
creasing deposition surface temperature. 

Applicants believe that, as the temperature of a TBC 20 
deposition surface is raised to a temperature which is at 
or above the threshold noted during plasma-spraying, 
the combination of the heat contained in the incoming 
ceramic particles and the heat available at deposition 
surface is sufficient to promote localized re-melting of the 2s 
deposition surface in the area under the deposited par- 
ticles, such that columnar directional solidification of the 
incoming particles from the grains of the adjacent under- 
lying layers is possible. This is supported by the contin- 
uous columnar structures observed in Figures 4a-4c and 30 
Figures 5a and 5b, and also by the fact that Applicants 
have noted that the ability to distinguish individual parti- 
cles in the mic restructures represented by these Figures 
is greatly reduced, when compared for instance with the 
microstructure of Figure 1 b. After localized remelting, di- 3S 
rectional solidification occurs in the direction of the outer 
surface of the TBC so long as the heat associated with 
the deposition is removed through the substrate. Remov- 
al of the heat in the direction of the substrate produces 
a thermal gradient that promotes sequential directional 40 
solidification in the molten regions of the TBC in the op- 
posite direction, or toward the surface of the TBC, ac- 
cording to known metallurgical principles relating to di- 
rectional solidification processes. Establishment of prop- 
er thermal gradients is necessary for producing TBCs <*5 
having a coherent, continuous columnar grain structure. 

Applicants have also observed that TBCs containing 
the coherent, continuous columnar microstructure of the 
present invention also contain beneficial vertical or co- 
lumnar macrocracks, and a reduced amount of horizon- so 
tal cracking, particularly horizontal macrocracking that 
has been observed in prior art TBCs. As the deposition 
surface temperature and the degree of columnarity in- 
creases, the amount and severity of horizontal or 
in-plane cracking decreases. Vertical macrocracking ss 
may be seen in Figures 5a and 5b. Reduced horizontal 
cracking can be seen, for instance, by comparing the 
microstructure shown in Figures 5a, 5b or 4c with the 



microstructures shown in Figures 1 b or 4a that were de- 
posited at lower deposition surface temperatures. 

As the degree of columnarity of the microstructure 
of the TBCs of the present invention increases, certain 
mechanical properties of the TBCs are also improved. 
Firstly, generally as the degree of columnarity increases, 
the in-plane tensile strength of the TBCs also increases. 
Tensile strength of the TBC normal to the substrate in- 
terface is measured with the TBC attached to the sub- 
strate using known tensile adhesion testing techniques. 
The tensile load is applied until failure occurs. The load 
at failure divided by the area over which the load is ap- 
plied provides a tensile strength. In general, the tensile 
strengths observed for TBCs of the present invention are 
greater than the tensile strengths of prior art TBCs. The 
best values observed for prior art TBCs are about 
3000-5000 psi, while the best TBCs of the present inven- 
tion have been measured in the range of 5000-10,000 
psi, and higher values are thought to be achievable. Sec- 
ondly, generally, as the degree of columnarity increases, 
the in-plane, effective elastic modulus of the TBCs de- 
creases. The modulus of elasticity of a TBC that has 
been removed from the substrate and any bond coat 
upon which it was deposited is measured by employing 
a three point bending apparatus and known mechanical 
testing techniques and mechanical analysis algorithms. 
The measured value is termed an "effective" modulus of 
elasticity, because the TBCs contain vertical macroc- 
racks which affect the measured values for the modulus. 
In general, the effective elastic moduli for TBCs of the 
present invention are lower than the effective elastic 
moduli of prior art TBCs. The best elastic modulus meas- 
urements on prior art TBC range from about 0.5 x 10 6 to 
1.0 x 10 6 psi, while the best TBCs of the present inven- 
tion have been measured as low as about 0.1 x 10 6 psi, 
and lower values are believed to be achievable. Increas- 
es in TBC tensile strength and reduction in TBC in-plane 
modulus described above have been correlated with im- 
proved spallation resistance in TBCs, however, the spe- 
cific relationship between the improvements in the micro- 
structure described herein (and the associated mechan- 
ical property improvements) and increased spallation re- 
sistance are not yet known. Several high temperature 
thermal cycling experiments have been conducted on 
TBCs of the present invention (cycling the temperature 
repeatedly from approximately room temperature to 
2000°F), and a trend toward improved spallation resist- 
ance has been observed, but no fixed relationship has 
yet been determined. 

While the majority of TBCs are currently applied as 
a plurality of layers, Applicants believe that it also may 
be possible to have a continuous columnar structure 
within a full thickness, single layer TBC formed by a sin- 
gle torch pass. For thin single layers, on the order of 
0.001 in. thick or less, such a continuous columnar struc- 
ture may not be new, being analogous to continuous co- 
lumnar structures that have been observed by Appli- 
cants within a single layer of a multi-layer TBC. However, 
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Applicants believe that continuous columnar structures 
in thicker single layer TBCs, in the range of 0.001 in. or 
greater, have not been previously demonstrated within 
the individual layers of multi-layer TBCs. Therefore, Ap- 
plicants believe that such thicker single layers containing 
a plurality of continuous columnar grains would repre- 
sent a new form of TBC, and may offer the potential for 
further advancements because, for example, such single 
layer TBCs may also have fewer horizontal cracks than 
prior art TBCs, since the crack forming mechanisms as- 
sociated with the deposition of multi-layer TBCs de- 
scribed above may be eliminated. Depending on the ma- 
terial selected as the substrate or bond coat, single layer 
TBCs having a thickness in the range mentioned may 
require additional cooling of the substrate as compared 
to depositions made in several passes, in order to pre- 
vent the additional heat associated with deposition of a 
thicker single layer from damaging these materials. 

Also, control of the deposition conditions in order to 
promote directional solidification, as described above, is 
important to the development of a continuous columnar 
microstructure; whether in a single layer or a multi-layer 
TBC. In order to develop a continuous columnar struc- 
ture, regardless of the number of layers deposited, it is 
necessary both to promote micro-welding as discussed 
above, and to assure that the growth of the grains from 
each subsequently deposited molten ceramic particle 
proceeds from the micro-welded region into the still mol- 
ten particle. It is known that, in order to promote such 
directional solidification, the heat associated with the 
deposition must be extracted through the micro- welded 
region (i.e. in the direction of the substrate). Therefore, 
it is essential that the substrate and the plasma-spray 
deposition apparatus be configured to permit removal of 
the heat of deposition in a direction opposite from the 
desired grain growth direction within the TBC in order to 
achieve directionally solidified continuous columnar 
grains. 

Articles having T3Cs with the coherent, continuous 
columnar grain microstructure of the present invention, 
or continuous columnar grains in the case of a single lay- 
er TBC, may be made using well-known methods and 
apparatuses for plasma-spraying. As described above, 
the deposition of TBCs having such mic restructures re- 
quires that the temperature of the deposition surface be 
maintained above a threshold temperature. In the case 
of YSZ TBCs, the temperature of the deposition surface 
should be maintained at least above about 300°C, and 
preferably significantly higher in the range of 600° C or 
above. 

Example 1 

The apparatus and method of this example were 
particularly directed toward determination of the deposi- 
tion surface temperature required for micro-welding of a 
newly deposited layer of YSZ to a previously plas- 
ma-sprayed layer of YSZ. The apparatus was fixtured so 



that the deposition surface temperature of a previously 
deposited TBC layer could be measured just before it 
re-entered the plasma flame for deposition of the next 
layer. Use of this apparatus and method also permitted 

s the study of the degree of columnarity within a TBC as 
a function of the deposition surface temperature. 

The apparatus comprised a cylindrical, 4 in. diame- 
ter, 12 in. long drum made from 0.25 inch thick low-car- 
bon steel, with each of four drums to serve as substrates 

10 and to receive a TBC under different deposition condi- 
tions. Each drum was mounted vertically on a turntable 
to permit rotation about its cylindrical axis during depo- 
sition of the TBC. During the deposition of the TBC, each 
drum was rotated at about 300 revolutions per minute. 

is A DC plasma torch Model 7MB made by Metco, Inc. was 
mounted at a fixed distance perpendicular to the surface 
of the drum such that it could be translated parallel to the 
cylindrical axis of the drum. The distance from the torch 
to the surface of the drum at the beginning of the depo- 

20 sition was approximately 2.75 inches. 

A single color pyrometer operating at a 5u.m wave- 
length was used to measure the deposition surface tem- 
peratures. The pyrometer was aimed perpendicular to 
the surface of the drum in line with the deposition stripe 

25 and at a radial angle of about 50° from the torch as meas- 
ured between these devices, such that the pyrometer 
was measuring temperature on an area in the center of 
the TBC stripe, as the stripe was being deposited by the 
plasma torch on the drum. Each drum was rotated in a 

30 direction such that a heated area of deposit would pass 
the pyrometer just prior to entering the plume of the plas- 
ma torch. This arrangement allowed the surface temper- 
ature to be recorded approximately 0.03 seconds before 
the TBC stripe re-entered the plasma-spray. Each of the 

35 drums and the turntable were adapted to permit the pre- 
heating of the drums to a controlled temperature. 

Lighting of the plasma torch was done above each 
drum. After the plasma torch was lit, the ceramic powder 
feed was turned on while the torch was still in the torch 

40 lighting position. The powder was -230 mesh Metco 
HOSP YSZ having a composition of 8 weight percent yt- 
tria with a balance of zirconia. The powder was fed to the 
torch at a rate of 3 Ib/hr. The torch current was 600A. The 
plasma torch was then translated down onto the rotating 

45 drum and held stationary for about 20-40 seconds for 
deposition of a stripe. During the deposition, the pyrom- 
eter took continuous temperature measurements of the 
deposition surface just before it re-entered the plasma, 
so as to record the deposition surface temperature as a 

50 function of the location within the deposited TBC. The 
deposits that resulted were between .01 0 and .01 7 inch- 
es thick, and were in the form of a TBC stripe around the 
circumference of the drum. After a predetermined depo- 
sition time : the torch was moved back to the lighting po- 

55 sition and then shut off. 

As expected, the temperature data for a single de- 
posited stripe showed that the deposition temperature of 
the TBC stripe increased with increasing layer thickness. 



8 



15 



EP 0 705 911 A1 



16 



Four separate TBC stripes were made, one on each of 
the four drums, each TBC representing a different dep- 
osition surface temperature range. Different deposition 
surface temperature ranges were achieved by using var- 
ious degrees of drum preheating before applying the 
TBC stripe, and by air cooling the deposit during the dep- 
osition if necessary. The four temperature ranges were 
100-370°C : 360-470°C, 520-600°C and 880-950°C. 

After deposition, the coatings were fractured and the 
fracture surfaces were analyzed by SEM. SEM fracto- 
graphs of the deposits were taken in the center of the 
TBC stripes where the temperature measurements were 
recorded. Some of the results are shown as Figures 
4a-4c. Curves identifying the surface deposition temper- 
ature as a function of the TBC stripe thickness were gen- 
erated for each of the stripes deposited and used to cor- 
relate the resultant microstructure of the TBC with the 
deposition surface temperature. Figure 6 is an example 
of such a curve for one of the TBC stripes. The deposit 
thickness of 0 mils on this curve corresponds to the area 
within the TBC adjacent to the drum, while the deposit 
thickness of 1 0 mils corresponds to the outer surface of 
the TBC. Microstructural analysis of fracture surfaces of 
the TBC stripes was performed using SEM photomicro- 
graphs. Regions within the thickness of TBC stripes were 
correlated to specific deposition surface temperatures. 
The SEM analysis permitted determination of the depo- 
sition surface temperature at which micro-welding and 
the coherent, continuous columnar microstructure be- 
gan to develop, and enabled correlation of improve- 
ments in the degree of columnarity with increasing sur- 
face deposition temperature, as discussed above. 

Example 2 

In a second experiment, the effect of the deposition 
surface temperature on the microstructure of a YSZ TBC 
was further demonstrated. The deposition apparatus 
was simple, and involved the use of a DC air plas- 
ma-spray torch to deposit a TBC on a 0.125 inch thick 
Inconel 718 (Ni-based alloy) plate as a substrate. The 
torch was positioned such that it could be translated at 
a fixed distance of 1 inch above the surface of the plate. 
The torch to substrate distance chosen was such that 
the plasma-flame contacted the substrate directly, there- 
by causing higher than normal deposition surface tem- 
peratures. The DC plasma torch used was a Model 7MB 
made by Metco, Inc. The torch current was 600A. The 
powder was -1 20 mesh Metco HOSP YSZ having a com- 
position of 8 weight percent yttria and a balance of zir- 
conia. The powder was fed to the torch at a rate of 3 Ib/hr. 
The total number of deposition passes was about 60, and 
the thickness deposited per pass was about 0.0003 inch- 
es. 

The TBC was deposited by translating the torch 
back and forth across the surface of the plate. While no 
direct deposition surface temperature measurements 
were made, as noted above Applicants believe that the 



surface temperatures during this deposition were hotter 
than those employed by Applicants during the deposition 
of other TBCs, including those of Example 1, because 
the surface had a wetted, glazed appearance. The re- 

5 suiting TBC is shown in Figures 5a and 5b. As discussed 
above with reference to Figures 5a and 5b, the significant 
degree of columnarity of the resultant TBC also indicated 
that the deposition surface temperature was very hot, 
and based on the comparison of the degree of colum- 

io narity of the microstructures of Figures 5a and 5b and 
Figure 4c, the temperature would appear to have been 
significantly greater than 950°C. 

The preceding examples and description of TBCs 
are intended to be illustrative of the present invention, 

*s but not to limit the scope of the invention to the specific 
embodiments described therein. 
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Claims 

1. An article having a TBC, comprising: 

a substrate having at least one surface which is 
adapted to bond a TBC; and 
a ceramic TBC bonded to the surface of said 
substrate and comprising a plurality of ceramic 
layers, each of the ceramic layers of said 
ceramic TBC having a thickness and a micro- 
structure comprising a plurality of continuous 
columnar grains which extend completely 
through its thickness, said TBC also having at 
least one, but preferably a plurality, of ceramic 
layers in which the plurality of continuous 
columnar grains from one layer extend into and 
are coherent within an adjacent layer. 

2. The article of claim 1 , wherein the substrate is from 
the group consisting of metal alloys and 
metal-matrix composites. 

3. The article of claim 2, in which the substrate is a 
metal alloy from the group consisting of Ni-base, 
Tt-base and Co-base alloys. 

4. The article of claim 3, further comprising a metal 
bond coat interposed between said substrate and 
said ceramic TBC, wherein said bond coat is metal- 
lurgical^ bonded to the surface of said substrate. 

5. The article of claim 4, in which said ceramic TBC is 
a metal oxide. 

6. The article of claim 5, in which said metal oxide is 
yttria stabilized zirconia. 

7. The article of claim 1 or 6, further comprising a plu- 
rality of columnar cracks distributed within the TBC 
and extending in a direction generally normal to the 
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surface of said substrate, wherein the columnar 
cracks extend through a plurality of the ceramic lay- 
ers of said TBC. 

8. The article of claim 7, wherein a plurality of continu- 5 
ous columnar grains extends through substantially 

all of the layers of the TBC. 

9. The article of claim 1 , 7 or 8, wherein the substrate 
has at least one surface with a metal bond coat io 
which is adapted to promote the bonding of a TBC 

to the substrate. 

10. A method for making a ceramic TBC having a plu- 
rality of coherent, continuous columnar grains by is 
plasma-spraying ceramic powder particles onto a 
substrate, comprising the steps of: 

maintaining a deposition surface whereon the 
plurality of coherent, columnar grains are to be 20 
formed at a temperature of 0.2 times the abso- 
lute melting temperature of the ceramic TBC 
while plasma-spraying the ceramic powder 
used to form the coherent, continuous columnar 
grains; and 25 
extracting heat associated with plasma-spray- 
ing and maintaining a thermal gradient within 
the TBC in which the temperature decreases in 
a direction opposite to a desired direction of 
growth for the coherent, continuous columnar 30 
grains. 
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FIG. 1a 




FIG. 1b 
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FIG. 3b 
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FIG. 4a 
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